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Abstract-In the final stage of manufacturing some specific products such as chemical ones, they 
weigh each product using a scale and mark the weighing result on each product. However, the scale 
will occasionally undergo malfunction or a failure during the weighing process. The products weighed 
by such a scale will be shipped with different marks from their actual weights. In the caSe of chemical 
products, those products with wrong marks can be regarded as defective products. 
This study proposes two types of periodical inspection policies for a scale to detect its malfunction 
or a failure followed by adjustment. The inspection in this study involves adjustment operations 
by which the malfunction or failures of the scale can be detected and the scale will recover from 
its malfunction or failure. Under Policy I, the scale is inspected at time iT (i = 1,2,. ). Under 
Policy II, we consider a situation where the scale is inspected every morning before we start daily 
work of weighing products, which can be observed in the actual circumstances. For such a case, we 
can carry out an inspection at ir/N (i = 0, 1,2,. . , N - l), where 7 signifies the working hours per 
day and an integer N denotes the frequency of inspections to be conducted per day. 
Two types of objective functions are considered: 
(1) the fraction defective, and 
(2) the long-run average cost under each policy. 
Under Policy I (Policy II), we examine the existence of an inspection interval T, (inspection fre- 
quency N,) which guarantees that the fraction defective does not exceed a prespecified value cv 
(0 < 01 < 1). An economical inspection interval T* (inspection frequency N’) minimizing the long- 
run average cost is also discussed. Numerical examples are presented to illustrate the theoretical 
underpinnings of the proposed inspection policy formulations. @ 2003 Elsevier Ltd. All rights 
reserved. 
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1. INTRODUCTION 
In the final stage of manufacturing some specific products such as chemical ones, there is a process 
in which each product is weighed using a scale to mark each weight on the product. This process 
is not emphasized generally and its associated cost is reduced as much as possible since it does 
not affect the product quality directly. However, the scale occasionally undergoes its malfunction 
or failures, and this malfunction or a failure can be detected only by an inspection. When the 
scale becomes out. of order, it will indicate different weight for each product from the actual one, 
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and hence, each product will be shipped with a different mark from each actual weight. In the 
case of chemical products particularly, this will be a significant problem if their consumers believe 
the wrong weights indicated on them and use them for chemical reactions. 
The present study concentrates on the products that are marked with wrong weights and 
calls them defectives. In addition, it is postulated that we cannot devote a large expense to this 
weighing process as observed in the actual circumstances. We then discuss two types of inspection 
policies for a scale. 
Under Policy I, we conduct an inspection to a scale at iT (i = 1,2, . . ) to detect malfunction 
or a failure followed by adjustment. Under Policy II, we consider a situation where the scale is 
inspected every morning before we start daily work of weighing products. For such a case, we 
caninspectthescaleatir/N(i=0,1,2 ,..., N-l, N=1,2,. . . ), where 7 signifies the working 
hours per day and an integer N denotes the frequency of inspections to be carried out per day. 
Two types of objective functions are considered: 
(1) the fraction defective, and 
(2) the long-run average cost under each policy. 
Under Policy I (Policy II), we examine the existence of an inspection interval T, (inspec- 
tion frequency NoL) which guarantees that the fraction defective does not exceed a prespecified 
value cy (0 < CL < 1). An economical inspection interval T* (inspection frequency N*) minimizing 
the long-run average cost is also discussed. Numerical examples are presented to illustrate the 
proposed inspection policy formulations. 
On the other hand, inspection policies have a long validated history. Most of the studies asso- 
ciated with inspection policies have considered carrying out an inspection with a view to detect 
a system failure which cannot be detected instantly [l-30]. Among these studies, Barlow and 
Proschan [3], Munford and Shahani [4,5], Tadikamalla [14], Wattanapanom and Shaw [15], Nak- 
agawa and Yasui [16,17], K aio and Osaki [20,21] have proposed methods for obtaining inspection 
points in time (~1, ~2, . . . }. Weiss [2] and Kaio and Osaki [23] have considered models under 
imperfect inspections, and Luss and Kander [9] have dealt with a model when time required for 
an inspection is not negligible. Zacks and Fenske [6], Lussand and Kander [8], and Kander [13] 
have discussed inspection policies for an n-unit system. Approximately optimal policies have been 
studied by Munford and Shahani [4], and Anbar [lo]. Yum and MacDowell [25] and Gassandras 
and Han [29] have applied inspection policies to a manufacturing system. 
The above studies assume that since we cannot detect a system failure instantly, we incur cost 
depending on the period over which we leave the failed system as it is. The cost is, however, 
based on not a concrete but an abstract concept. In addition, most of the above studies focus 
on the period from the time when we start to use a system to the time when the system failure 
is detected. In this study, however, the period over which the scale is left to be out of order 
corresponds to the volume of defectives and the scale is used again after it is adjusted at an 
inspection. 
2. ASSUMPTIONS 
In this study, we make the following assumptions. 
(1) The malfunction or a failure of the scale can be detected only by an inspection. Further- 
more, an inspection involves adjustment operations by which the scale can recover from 
its malfunction or a failure. Hence, the scale enters its normal state immediately after an 
inspection. 
(2) The number of products to be weighed is very large, and thus, we can regard it as being 
continuous by corresponding their volume to the time to be spent in weighing them. 
(3) The malfunction or failure time distribution of the scale is expressed by F(t) with mean pcl; 
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i.e., p= O” J s M tdF(t) = E(t) dt. 0 0 
3. POLICY I 
This section discusses Policy I under which we conduct an inspection at time iT (i = 1,2,. . . ) 
to adjust the scale or to detect .its malfunction or a failure. Prom assumption (l), the process 
behavior generates a renewal reward process [31,32] where a renewal point corresponds to the 
time when an inspection is completed. 
3.1. Fraction Defective 
Since we regard products with different marks from their actual weights as defectives, the 
fraction defective in this study can be defined by the ratio of the volume of shipped defective 
products to that of all the shipped products. Prom the renewal reward theory [31,32], the fraction 
defective Qi (T) under Policy I is given by 
QIU’) = ,;ym 
E[time during which the scale is out of order over (0, t]] 
t 
Bl CT) 
(2) 
=q!Fy 
where Al(T) and Bl(T), respectively, denote the expected cycle length and the expected time 
during which the scale is out of order over one cycle. 
Since we have 
-4(T) = T, 
B1(T) = 0 x E(T) + lT(T - t) dF(t) = /‘F(t) dt, 
0 0 
the fraction defective in equation (2) becomes 
(3) 
(4 
Q1(T) = S,TF@ldt = 1 _ S,TP(t)dt 
T T . (5) 
We here consider an upper limit for the inspection interval T, which makes the fraction defective 
equal to lOOa% or less for a prespecified value of o (0 < CE < 1). Prom equation (5), we have 
TliyoQ~(T) = 0, (6) 
T5ywQ1(T) = 1, (7) 
[TE(T) - s,’ p(t) dtl 
Q:(T) = - T2 . (8) 
Let R(T) denote the numerator of the right-hand side of equation (8); i.e., let 
Then we have 
R(T) = -TF(T) + lTli(t)dt = lTtdF(t). (9) 
R’(T) = Tf(T) > 0, (10) 
$n, R(T) = 0. (11) --t 
This indicates that R(T) > 0 for T > 0, and thus, we have Q;(T) > 0: Prom equations (6) and (7), 
there exists a finite upper limit T,(> 0) for an inspection interval which satisfies Qi (T,) < a 
(0 < a < 1). 
1122 H. SANDOH AND N. IGAKI 
3.2. Economical Inspection Interval 
In this section, we discuss an economical inspection interval T* which minimizes the long- 
run average cost. From the renewal reward theory, the long-run average cost of the proposed 
inspection policy is given by 
Cl(T) = lim 
E[total cost over (0, t]] = cl JT(T -.t) O(t) + c2 
t++m t T 
= cl JOT F(t) dt + c2 
T . 
(12) 
It should be noted that the above formulation coincides with that of Model II for block replace- 
ment policy proposed by Osaki [33]. 
By differentiating Cl(T) with respect to T, we can show that C:(T) 2 0 agrees with 
where R(T) is given by equation (9). From equations (10) and (11)) if 
TliyWR(T)=p> z, (14) -+ 
there exists a unique finite economical inspection interval T*(> 0) which minimizes Cl(T). If 
the inequality in (14) does not hold, we have C;(T) < 0, and thus, T* = +co which suggests to 
conduct no inspections. 
4. POLICY II 
This section considers a situation where we perform an inspection to make adjustment to the 
scale every morning just before we start our daily work of weighing products. In such a situation, 
we can divide our daily work hours T into N divisions. At ir/N (i = 0, 1,2, N - 1, N = 1,2,. . ), 
we perform an inspection to detect its malfunction or failure followed by adjustment. It should 
be noted that N = 1 corresponds to the policy which conducts only one inspection every morning 
before we start our daily work. F’rom assumption (l), the process behavior generates a renewal 
reward process where a renewal point corresponds to the time immediately after the inspection 
is finished. 
4.1. F’raction Defective 
The definition of the fraction defective is identical to that in Section 3.1. The fraction defective 
Q2(N) under Policy II is given by 
QdN) = & 
E[time during which the scale is out order over (0, t]] 
t 
B2 (N) 
=Az(N)’ N=l,2,..., 
(15) 
where Az(N) and Bz(N) are the expected cycle length and the expected time representing the 
volume of defective products per one cycle. 
We here have 
-b(N) = $7 (16) 
B2(N) = 0 x F (;) + J“” ($ - t) dF(t) = JTiN F(t) dt, 
0 0 
(17) 
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and therefore, Qz(N) in equation (15) becomes 
We here consider a lower limit for the inspection frequency N, that makes the fraction defective 
of products equal to lOOa% or less for a prespecified value of a (0 < M < 1). It is convenient to 
introduce u defined by 
U2 
N’ 
N=l,2,..., (19) 
and then we have 
Q2(7~) = &I(U), u E (O,T]. PO) 
Hence, &s(u) is strictly increasing in u from 0 to &Z(T). Consequently, if 
Q2(7) = QI(T) = l- 
j-07 F(t) dt 
f > “7 (21) 
then there exists an upper limit u, (> 0) satisfying Q~(u) 5 Q for a prespecified value of (Y. This 
indicates that there exists a lower limit N, (2 1) that satisfies Qz(N,) 2 o. 
4.2. Economical Inspection Frequency 
The long-run average cost of the proposed policy is, from the renewal reward theory, given by 
Cz(N) = 
cl J;IN (T/N - t) dF( t) + c2 
r/N 
= cl J;‘N F(t) dt + c2 
T/N ’ 
N = 1,2,. . . . 
(22) 
Let us again introduce u defined by equation (19), and we have 
Cz(u) = Cl(U), u E (O,T]. (23) 
Hence, if 
I 
7 
R(T) = -TF(T) + 
0 
P(t)dt > %, (24) 
there exists a unique u* minimizing CZ(ZL) in relation to u, and therefore, there exists a finite 
economical integer N*(> 1) that minimizes C2(N) with respect to N. If the inequality in (24) 
does not hold, we have C’(u) _< 0 which signifies u* = r, i.e., N* = 1. This indicates that it is the 
optimum to conduct an inspection only just before we start our daily work of weighing products. 
5. NUMERICAL EXAMPLES 
This section assumes an exponential failure (malfunction) time distribution with failure 
rate A = l/p. 
5.1. Policy I 
Under the exponential distribution, the fraction defective Qr(T) in equation (2) becomes 
Ql(T)=l- ‘-;ihT, T>O, (25) 
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Figure 1. Long-run average cost. 
Table 1. Inspection interval. 
-1 
Table 2. Economical inspection interval. 
ki 
and the long-run average cost Ci(T) in equation (12) yields 
Cl(T) = 
cl (ewXT +XT- l)+czX 
XT 7 T > 0. (26) 
Table 1 shows values of inspection interval T, for a = 0.01, 0.05, and 0.1 in the case of X = 0.2 
(p = 5). Figure 1 indicates Cl(T) f or c2 = 1 with cr = 10, 20, 30, 40, and 50, while Table 2 
shows T' with Cl(T*). It is observed in Figure 1 and Table 2 that the economical inspection 
interval T* decreases with increasing cl, which can be intuitively explained. 
5.2. Policy II 
Under the exponential distribution with failure rate X = l/p, the fraction defective Q2(T) in 
equation (15) becomes 
Q2(N)=1- l---z’,, N=1,2 ,..., 
while the long-run average cost C2(N) in equation (22) becomes 
C2(N) = c1 b- XTIN + h/N - 1) + c2X 
XT/N 7 
N=l,2,.... 
(27) 
Table 3 shows values of inspection interval N, for LY = 0.01, 0.05, and 0.1 in the case of X = 0.2 
(p = 5). Figure 2 depicts Cs(N) for cs = 1 with c 1 = 10, 20, 30, 40, and 50, while Table 4 
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Figure 2. Long-run average cost. 
Table 3. Inspection frequency. 
Table 4. Economical inspection frequency. 
reveals N’ along with Cz(N*). It is observed that the economical inspection frequency N* 
increases as cl becomes large, which can also be explained intuitively. 
6. CONCLUSIONS 
In the final stage of manufacturing some specific products such as chemical ones, there is a 
process in which each product is weighed using a scale to mark each weight on the product. 
However, the scale occasionally undergoes its malfunction or failures. When the scale becomes 
out of order, it will show different weight for each product from the actual one, and hence, each 
product will be shipped with a different mark from each actual weight. 
This study focused on the products that are marked with wrong weight and regarded them 
as defectives. We then discussed two types of inspection policies for a scale. Under Policy I, we 
conduct an inspection to a scale at iT (i = 1,2,. . . ). Under Policy II, we considered a situation 
where the scale was inspected every morning before we started daily work of weighing products. 
For such a case, we considered inspecting the scale at ir/N (i = 0, 1,2,. . . , N - l), where T 
signified the working hours per day. 
Two types of objective functions were considered: 
(1) the fraction defective, and 
(2) the long-run average cost under each policy. 
Under Policy I (Policy II), we clarified the condition under which a finite inspection interval T, 
(finite inspection frequency N,) exists, which guarantees that the fraction defective does not 
exceed a prespecified value cy (0 < a < 1). An economical inspection interval T* (inspection 
frequency N*) minimizing the long-run average cost was then discussed. Numerical examples 
were presented to illustrate the proposed inspection policy formulations. 
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This study dealt with a case where an inspection involves adjustment operations, but there is 
a case where an inspection does not include adjustment activities. A model considering such a 
case will be discussed taking another opportunity. 
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